Abstract-Multiple-input multiple-output (MIMO) spatial multiplexing that needs to separate and detect transmitted signal streams by using processing at the receiver end can increase the data rates of transmissions on independent and identically distributed (i.i.d.) channels. Such channels have been considered to exist in nonline-of-sight (NLOS) environments. However, actual communications may also be conducted in line-of-sight (LOS) environments. While an LOS component can increase the received power level, it may also cause correlated channels that make it difficult to detect the transmitted streams. In this paper, we describe the performance of 4 4 MIMO spatial multiplexing based on LOS and NLOS channel measurements in an indoor environment. For eight configurations of uniform linear arrays (four antenna spacings and two array orientations), we evaluated the cumulative distribution function (CDF) of the channel capacity and bit error rate performance versus transmit power, and we analyzed them in terms of antenna pattern, fading correlation, CDFs of MIMO channel elements, and CDFs of eigenvalues. Results show that, despite higher fading correlations and non i.i.d. channel characteristics, the performance of MIMO spatial multiplexing in the LOS environment is better than that in the NLOS one. However, the performance in the measured LOS environment largely depends on the MIMO configuration.
I. INTRODUCTION
T HE multiple-input multiple-output (MIMO) system in which multiple antennas are placed at both the transmitter and receiver end can potentially meet the growing demand for higher capacity in wireless communications [1] - [5] . One of the applications of the MIMO system is spatial multiplexing in which each transmit antenna sends an independent signal stream with equal power allocation [6] - [8] . When information on the channel state is not available at the transmitter end, this technique seems to be a promising way to increase data transfer speeds without expanding the frequency bandwidth.
Manuscript received September 16, 2005 Coding and signal processing are key elements to successful implementation of a MIMO system. However, issues related to antennas and electromagnetic propagation also play a significant role in determining MIMO system performance [9] . A low correlation between channels is desirable because spatial multiplexing needs to demultiplex the received signals in order to detect the transmitted streams at the receiver end. Availability of spatial multiplexing has been assessed for independent and identically distributed (i.i.d.) Rayleigh fading channels caused by many scattered signals from surrounding objects. Fades between pairs of transmit-receive antenna elements (channels) are, however, correlated in real propagation environments due to insufficient antenna spacing [10] . Moreover, since mutual coupling effects [11] - [16] exist in a multiple antenna system, characteristics of each antenna vary from those of a single isolated antenna case. Therefore, in actual MIMO communication systems, there is no guarantee that channels are i.i.d. and even that MIMO channel elements obey identically distributed fading.
Uncorrelated channels generally may exist in nonline-of-sight (NLOS) environments where there is no direct wave from the transmitter to the receiver. However, there are many situations in which communications are done also in line-of-sight (LOS) environments. In such cases, while the LOS component can increase the received power level, the channels lose independence and are correlated. Highly correlated channels may make it difficult to detect the transmitted streams. On the other hand, many radio propagation measurement campaigns have already been conducted on MIMO systems [17] - [24] . So far, most of researchers have evaluated the performance of the MIMO systems as a function of average SNR. Because of the evaluation, some reports have presented that NLOS environments give higher channel capacities than LOS ones [17] , [22] . However, we must raise the following issue regarding these conclusions. In NLOS environments, the transmit power must be higher than in LOS environments in order to obtain the same SNR. In [17] , while channel capacities under the same SNR condition are evaluated for both LOS and NLOS environments, it is also briefly discussed that the comparison is not necessarily fair. Moreover, it has been reported in [23] and [24] that the actual SNR enlarged by the LOS component provides higher channel capacities. The authors agree with their viewpoint andconsiderthattheperformanceevaluationoftheMIMOsystem should be done under the same transmit power condition.
In measurement-based studies, MIMO systems have ordinarily been evaluated using channel capacities [17] - [24] . Channel capacity is, however, the limit of digital communications given by the information theory. It would be achieved only if we employed an ideal transmission method that includes coding and modulation. From the implementational viewpoint, we consider that not only channel capacity but also bit error rate (BER) can be used to evaluate digital wireless communications.
On the basis of these ideas, we conducted a MIMO channel measurement campaign in an indoor propagation environment where there are many scattered waves. While keeping a constant distance between the transmitter and the receiver, we measured 4 4 MIMO channels with mutual coupling between antennas in both LOS and NLOS conditions. The performance of MIMO spatial multiplexing in both the environments was examined under the same transmit power condition. In this paper, we used channel capacity for the evaluation of ideal spatial multiplexing, and used BER under a constant bit rate requirement for the case of simple spatial filtering, which proved to be a more realistic and practical performance evaluation.
To investigate the effects of mutual coupling on the measured channel responses, we paid attention to array element patterns. Compared with the single antenna case, the antenna gain with mutual coupling depends on the direction and the array configuration. In particular in LOS environments, the variation of antenna gain changes the impact of the LOS component in the measured channel. We explored, therefore, the influence of array element patterns on the statistical properties of the measured channels and relationship between the influence and the performance of MIMO spatial multiplexing. Moreover, as aforementioned, we examined the BER performance based on the propagation measurement campaign. This means that, MIMO spatial multiplexing is comprehensively evaluated in the range from antennas and propagation to signal processing in this paper.
This paper is organized as follows. Section II defines the model of MIMO spatial multiplexing. Section III outlines our measurement campaign and describes characteristics of the measurement environment. Section IV reports the performance of 4 4 MIMO systems using the measured data. We draw conclusions from these results in Section V. Fig. 1 shows the model of MIMO spatial multiplexing. We assume that the transmission bandwidth is so narrow that the fading is flat. Moreover, the MIMO system is assumed to have transmit (TX) antennas and receive (RX) antennas. If independent signal streams are transmitted from the TX antennas, an -dimensional received signal vector is expressed as (1) where is an -dimensional transmitted signal vector, and is an -dimensional additive white Gaussian noise vector. An MIMO channel matrix consists of channel responses between TX and RX antennas. These are represented as follows:
II. MIMO SPATIAL MULTIPLEXING
Here, the superscript indicates a transpose. Also, , which is an element of the th row and the th column in the matrix , denotes a channel from the th TX antenna to the th RX antenna.
As will be stated next, the measured MIMO channels have mutual coupling effects. When mutual coupling matrices in the TX and RX arrays are defined as and , respectively, the measured channel matrix is expressed as (5) where is an real channel matrix which does not include mutual coupling effects. When all of antennas in an -element array are assumed to have the same load impedance , an mutual coupling matrix is defined as
where is self/mutual impedance between the th and th antennas [11] , [12] . Note that and can actually have different definitions. In this paper, however, we do not discuss them because it is beyond the scope of this paper. We obtained MIMO transfer matrices including mutual coupling effects from channel data measured in actual indoor propagation environments (see later). Using the measured channels, the characteristics and the performance of spatial multiplexing were evaluated.
III. MIMO CHANNEL MEASUREMENT SETUP
The measurement campaign was carried out in a conference room in a building of the Graduate School of Information Science and Technology at Hokkaido University (Fig. 2) . The room had many scatterers. The walls consisted of plasterboard around reinforced concrete pillars and metal doors. In this room, we set up TX and RX tables and a vector network analyzer (VNA) to measure the channel responses. The measurement band was from 5.15 to 5.4 GHz (250 MHz bandwidth), and it was swept with a 156.25 kHz interval (1 601 frequency sample points). Each channel was averaged over 10 snapshots in order to reduce thermal noise included in raw measurements. The TX and RX tables were separated by 4 m, as shown in the dashed circles in Fig. 2(a) . The LOS condition was taken as the absence of an obstructing object between the TX and RX tables [ Fig. 2(b) ]. The NLOS condition was created by placing a metal partition between the TX and RX [ Fig. 2(c) ]. The partition was large enough to avoid deterministic waves, which were diffracted at edges of the partition, arriving at the receiver. 1 There was a metal screen (whiteboard) on the wall behind the TX table. The height of its bottom was 1 m, and antenna height was 0.9 m as illustrated in Fig. 2(b) . Channel data were obtained while no one was in the room, to ensure statistical stationarity of propagation.
The and axes were defined as in Fig. 2(a) . The MIMO measurement campaign used uniform linear antenna arrays. TX and RX antennas aligned along the axis are denoted as the TX-/RX-orientation [ Fig. 3(a) ], and antennas aligned along the axis are denoted as the TX-/RX-orientation [ Fig. 3(b) ]. To obtain spatially different fading channels, there were seven positions on the TX and RX tables for the antenna array mount along the and axes separated with an interval of (1.5 cm), as shown in the dashed circles in Fig. 2(a) , where denotes the wavelength at 5 GHz (6 cm). The antenna array orientation corresponds to the array position direction also as shown in the dashed circles in Fig. 2(a) . For example, the positions of the TX and the RX arrays for the TX-/RX-orientation were changed in the direction. The array's antenna spacing (AS) had four values:
, and . By changing the TX and RX array positions, we obtained spatially different data. Because we had 1 601 frequency-domain data, a total of different MIMO channel matrices were obtained for each array orientation, antenna spacing, and LOS/NLOS condition. All of the characteristics presented in the next section were derived from statistical processing of all the 78 449 MIMO channel data.
We employed colinear antennas AT-CL010 (TSS JAPAN Co., Ltd.) designed for omnidirectional characteristics on the horizontal plane. All of the antennas had return loss less than dB from 5.15 to 5.4 GHz. When a single-input singleoutput (SISO) channel was measured in an anechoic chamber (AEC) by using the antennas as the TX and RX ones, the maximum amplitude variation of the observed direct wave was 0.7 dB in this measurement band. Fig. 4 shows an example of a 2 2 MIMO measurement system, for which the basic idea is the same for the 4 4 MIMO system. RF switches at the TX and RX sides were used to select the TX antenna and the RX antenna. According to this selection, we chose each element in the 4 4 MIMO matrix. We normalized the measured channel responses to calibration data that had been obtained when the cables to the antenna ports from the RF switches were directly connected. Therefore, the calibrated data did not have the frequency characteristics of the cables and switches. The unselected antennas were automatically connected to 50 dummy loads. Fig. 5 shows example measurements. These data were obtained at the central positions on the TX and RX tables as shown Fig. 5 (a). The many peaks for the LOS and NLOS conditions indicate that the measurement environments had many scattered waves. The maximum peak was around 14 ns for the LOS condition. This is considered to be from the direct wave because the distance of 4 m between the TX and RX ends gives a propagation time of ns and the peak disappeared for the NLOS condition. Furthermore, unlike NLOS, LOS gave larger amplitudes for the waves with short propagation delays within 60 ns.
We measured 82 spatially different SISO channels in the frequency band from 5.15 to 5.40 GHz in the LOS and NLOS conditions keeping the distance of 4 m between the TX and RX tables. The measured SISO channels provided the cumulative distribution function (CDF) of the wave amplitudes as shown in Fig. 6 . The received amplitudes for the LOS condition were about 7.6 dB higher at the 50% level compared with those for the NLOS condition. The mean received power averaged over space and frequency samples in the SISO-LOS measurement was dB , and that in the SISO-NLOS one was dB. Comparing the mean received powers, was about 6.8 dB higher than . Also, the mean received power was obtained under the SISO and LOS condition in the AEC in which the TX and RX tables were set 4 m apart. The data were averaged over the space and frequency samples.
which is the estimated direct wave power was dB . Since is composed of the direct and scattered wave power, the Ricean -factor in the LOS environment can be easily estimated by the following calculation:
The scattered wave power was, therefore, comparable to the direct wave power. Moreover, the scattered wave power in the LOS condition ( dB) was 2.87 dB higher than . It is natural that an LOS component causes higher received power. However, this result indicates that, under the LOS condition of this room, the direct wave also increased scattered signal power.
The channel response and MIMO channel matrix used in the next section are given by the following normalizations of the measured and (10) (11) We can say that the channel response is normalized to the direct wave amplitude.
IV. PERFORMANCE OF 4 4 MIMO SYSTEMS

A. Antenna Patterns
When multiple antennas are closely arrayed, they have mutual coupling and their antenna patterns change. A MIMO system has antenna arrays at both ends, so we cannot ignore the effect of the changing pattern on the MIMO performance. Thus, before presenting the measured characteristics of the MIMO channels, we examine the antenna patterns for each four-element linear array. Fig. 7 shows the patterns for each four-element uniform linear array treated in this measurement campaign (solid curves). Azimuth patterns for , and are shown in Fig. 7(a)-(d) , respectively. For comparison, the pattern of a single antenna is shown with a dashed curve. We see that the single antenna has an almost omnidirectional pattern when it does not have the mutual coupling effect. In the multiple antenna case, however, the patterns are significantly different from an omnidirectional one. The antenna gain decreases as the AS becomes smaller. On the other hand, the patterns tend to become similar to the omnidirectional one as the AS becomes larger. The numbers under each pattern correspond to the ones in Fig. 3 . Given the TX-/RX-orientation, the RX end is located in the 0 direction with respect to the TX end, and the TX end is located in the 180 direction with respect to the RX end. Thus, the direct wave departs from the TX end in the 0 direction, and arrives at the RX end in the 180 direction. On the other hand, given the TX-/RX-orientation, the RX end is located in the 90 direction with respect to the TX end, and the TX end is also located in the 90 direction with respect to the RX end. Thus, the direct wave departs from the TX end and arrives at the RX end in the 90 direction. As for the 0 and 180 directions, the gain tends to be small. On the other hand, especially in the cases of and , the gain in the 90 direction is higher than in the single antenna case.
B. Fading Correlations
To investigate the characteristics of the MIMO channels measured in the propagation environment, we examined fading correlations [18] . The RX fading correlation between the th and th RX antennas and the TX fading correlation between the th and th TX antennas are given by (12) and (13) shown at the bottom of the next page. Here, and indicate the TX antenna number and RX antenna number, respectively.
represents the number of MIMO channel data and is the number of total data (78 449). The absolute values of the fading correlations are in the range from 0 to 1. In addition, the correlations and have and different values, respectively, where an operator denotes the total number of combinations of -subsets possible out of a set of distinct items. That is, holds. Using (12) and (13), we obtained the RX and TX fading correlations for the measured 4 4 MIMO channels. Since all of the MIMO cases have almost the same correlation values between the RX and TX ones, we will omit discussion on the TX correlations and discuss only the RX fading correlations . The correlations are drawn in the three-dimensional style as shown in Fig. 8 because the combination of the RX antennas gives values. This plot is in the same style as in [18] . Fig. 8(a) and (b) show the correlations in the NLOS condition, and Fig. 8(c) and (d) show them in the LOS condition. In addition, Fig. 8(a) and (c) are for the TX-/RX-orientation, and Fig. 8(b) and (d) are for the TX-/RX-one. In the NLOS condition, the fading correlations generally have low values, and they become lower as AS increases. Higher correlations in the LOS condition are due to the LOS component that is a deterministic signal.
Focusing on the correlations in the LOS condition, we find that the TX-/RX-orientation tends to provide higher correlations than the TX-/RX-one. We can consider two reasons for this. The direct wave and reflected waves from the walls behind the TX and behind the RX were conjectured to be dominant. These reflected rays along the axis lowered the correlation for the TX-/RX-orientation, but did not cause the decorrelation for the TX-/RX-case. We can analyze the other reason by considering the antenna patterns shown in Fig. 7 . Narrow spacing seems to give high correlations for both of the orientations in the case of . However, as mentioned in Section IV-A, the cases of and give higher gain in the 90 direction, which corresponds to the direct path.
(12) (13) Consequently, the effect of the direct wave becomes stronger, so that we have higher correlations for the TX-/RX-orientation. The patterns for incidentally show a little dip in the antenna pattern in the 90 direction. This decreases the effect of the direct wave and causes lower correlation values in the TX-/RX-orientation.
C. CDFs of Channel Elements in MIMO Matrices
Many MIMO channel models assume that each element in a channel matrix obeys i.i.d. fading. However, actual MIMO systems can be strongly affected by propagation environments and mutual coupling between antennas. Actual channel elements, thereby, may have different statistical characteristics. As stated in the previous subsection, some LOS channels have very high correlations, and are never independent. Here, we attempt to determine whether the indoor MIMO channels are identical or not. Using the measured 78 449 MIMO channels, we examined CDFs of amplitudes of each channel element as shown in Fig. 9 . Data for the TX-/RX-orientation are shown in Fig. 9(a)-(d) , and data for the TX-/RX- orientation are shown in Fig. 9(e)-(h) . In addition, pairs of Fig. 9(a) and (e), (b) and (f), (c) and (g), and (d) and (h) show the CDFs for the cases of , and , respectively. Each of the LOS/NLOS condition in the graph has CDF curves . The abscissa value is different from that in Fig. 6 owing to the normalization by (11) . Also, for each case in the LOS condition, the average Ricean factor estimated from all the 16 CDFs of channel elements is put on each graph. First, as in Fig. 6 , the MIMO channel elements in the LOS condition generally have higher amplitudes than those in the NLOS one. Second, except for the narrowest spacing cases of , distributions under the NLOS condition are independent of the antenna spacing and array orientation, and differ less than about 2 dB. Looking at the region where the cumulative frequencies are less than the 10% level and the curves are almost straight lines, we can see that all the CDFs increase by almost an order of magnitude with an amplitude increment of 10 dB. Thus, the NLOS channels are Rayleigh fading channels. In the previous subsection, we verified that almost all of the cases under the NLOS condition give low fading correlations (Fig. 8) . Hence, we can say that MIMO channels under the NLOS condition with AS equal to or greater than obey almost i.i.d. Rayleigh fading. As for the cases of , the difference at the 10% level is a maximum of approximately 3 dB. The authors consider that it was caused by different antenna gain among antenna elements, especially significant gain loss in inner two elements #2 and #3, due to mutual coupling effects as shown in Fig. 7(a) .
However, channels under the LOS condition do not behave in this way. The amplitudes and gradients of the CDFs differ depending on the antenna spacing and array orientation. Since the LOS condition has the direct wave, the antenna gain has a great influence on the channel distributions. We can explain this behavior by using the antenna patterns shown in Fig. 7 . When the gain in the direct wave's direction is high, CDFs become lo-cated in a higher amplitude region and their gradients become steeper. That is, the fading is Ricean with a large -factor. On the other hand, when the gain toward the direct wave is low, the amplitudes are distributed in a lower region. Consider the cases of and in the TX-/RX-orientation. From Fig. 9(a) and (c), we see that the channel distributions are significantly different. In these graphs, the CDF of is in the highest amplitude region and has the steepest gradient (largest -factor) among the MIMO channel elements. For example, in the case of , while is 0.0 dB, the -factor of is 5.9 dB. In the case of is 0.7 dB whereas the -factor of is 3.8 dB. On the other hand, the CDF of is in the lowest region under the LOS condition. Note that each antenna index corresponds to the one shown in Figs. 3 and 7 . Here, let us consider the channels and antenna patterns shown in Fig. 7 . As for channel in the TX-/RXorientation, the direct wave departs from TX antenna #4 in the 0 direction and arrives at RX antenna #1 in the 180 direction. As seen from Fig. 7(a) and (c), antennas #1 and #4 have higher gain in the directions of 180 and 0 , respectively. Thus, the direct wave is strongly received through channel . This is why the CDF of is in the highest region and has the steepest gradient for and . As for channel in the TX-/RX-orientation, the direct wave departs from TX antenna #1 in the 0 direction and arrives at RX antenna #4 in the 180 direction. Antennas #1 and #4 have lower gain in the directions of 0 and 180 , respectively. The direct wave is weakly received through channel . Thus, the CDF of is in the lowest region for and . The relationship between the LOS component and antenna gain indicates that these two particular cases caused very different distributions among channel elements. Consequently, while it is well known that in LOS environments fading channels do not have independence due to the LOS component, the MIMO channel elements under the LOS condition do not have the same statistical characteristics.
D. CDFs of Channel Capacities
The channel capacity has been extensively used for evaluating the MIMO channel [7] - [10] , [14] - [25] . This is the limit of digital communications that could only be achieved if we employed an ideal communication method (coding and modulation). As for the measured MIMO channel, the following equation gives the channel capacity of spatial multiplexing when channel state information is available only at the RX side (14) (15) Here, denotes a determinant and indicates total TX power.
are eigenvalues obtained by eigenvalue decomposition of . is TX power when the aforementioned SISO measurement in the AEC gives an average received of 0 dB. Note that in the above equation represents the normalized total TX power, which is used to evaluate the channel capacities and bit error rates hereinafter. Therefore, we can compare performances under the same total TX power condition. Using the above equation, we examined CDFs of the 4 4 MIMO channel capacities for a normalized total TX power of 20 dB.
The results shown in Fig. 10 (a) and (b) are capacities for the TX-/RX-and TX-/RX-orientations, respectively. All of the capacities in the LOS condition are higher than those in the NLOS condition for both array orientations. The LOS component in the LOS condition enlarges the received power. Under a constant total TX power condition, the higher received power due to the LOS component improves the capacity. It is clear from (15) that the channel capacity is given by the eigenvalues of the MIMO channel. We can also say that the LOS component enlarges the maximum eigenvalue which significantly increases the channel capacity. Moreover, we can say that the LOS component enlarges the maximum eigenvalue and this larger eigenvalue causes such a high capacity. The eigenvalues will be discussed in detail in Section IV-F. On the other hand, the performance of deteriorates in both LOS and NLOS conditions. This phenomenon can be analyzed by using the antenna patterns shown in Fig. 7 . As described in Section IV-A, the patterns in the case of show serious gain decrease. We consider that this low antenna gain causes the decline in channel capacity. Except for the case of , we see that in the LOS condition the TX-/RX-array orientation tends to give larger capacities than the TX-/RX-one. We illustrate this reason by using the antenna patterns shown in Fig. 7 . As mentioned in Sections IV-A and IV-C, the antennas have higher gain than the single antenna in the 90 direction especially in the cases of and . The direct signal is considered to be strongly received in the TX-/RX-orientation. This increases capacity. The reason that gives a large capacity is conjectured to be lower fading correlations [ Fig. 8(d) ]. Moreover, in the LOS condition, the CDFs of the channel capacities strongly depend on the array configuration (antenna spacing and orientation).
There is an idea that an LOS channel can be modeled approximately as (16) where is an i.i.d. Rayleigh channel component matrix and is an LOS component matrix [4] . Note that amplitudes of channel components are included in elements in these matrices.
is a scattered ray component matrix in a multipath-rich environment with large antenna spacing. In this case, addition of to the scattered ray components leads to the large maximum eigenvalue and enhances the channel capacity. However, as stated in Section III, the scattered wave power in the LOS condition was 2.87 dB higher than that in the NLOS condition due to the short-delay paths caused by the direct wave. The direct LOS ray and enhanced scattered ray components further increase the channel capacity in the LOS environment. Also, when the received signal is linearly demultiplexed by a spatial filter, e.g., zero-forcing, the BER performance becomes better as the minimum eigenvalue becomes larger (see Sections IV-E and IV-F). It is not sure that the above model makes the minimum eigenvalue large, and it is difficult to arrive at the conclusion that spatial multiplexing in an LOS environment gives better BER performance. Therefore, we examined the behavior of spatial multiplexing in the LOS environment based on not channel models but measurement campaigns.
If we employ the LOS channel model given by (16) , it is necessary to introduce the spherical-wave model [25] into in order to consider the variation of the LOS component phase because the distance between the TX and RX ends was relatively short. Here, let us consider a free space, i.e., . In the case of in the TX-/RX-array orientation, the fading correlation between antenna elements #1 and #4, which have the widest spacing of , is 0.95. Under the SNR of 20 dB, the channel capacity in this case becomes 30% higher than that in the case of (TX-/RX-case in a free space). However, if an environment based on the channel model (16) has dB, which is the estimated Ricean factor in the measurement site, the correlation in the case of for the TX-/RX-array orientation is 0.56. Even for the TX-/RX-array orientation, the correlations for any antenna pairs are 0.59. We confirmed that any array configurations give almost the same channel capacity and BER performance in the environment of dB. Consequently, we can say that the variation of the LOS component phase makes little impact on fading correlations and the performance of spatial multiplexing in propagation environments where the scattered wave power is comparable to the direct wave power. As aforementioned, the variation of the antenna gain due to mutual coupling changes the LOS component level, and this affects the performance in the LOS condition.
E. BER
Earlier, we evaluated the performance of MIMO spatial multiplexing using the channel capacity. As aforementioned, the channel capacity obtained by (14) is the limit of the spatial multiplexing transmission. From the implementational viewpoint, we consider that evaluating the BER performance will be more practical. Thus, we conducted computer simulations of spatial multiplexing by using measured channel data and examined average BER performance under a constant bit rate requirement. Table I lists the simulation parameters. As stated before, we had obtained 78 449 channel data for each MIMO configuration, and we averaged all BERs for these channel data. We assumed that an independent QPSK-modulated uncoded stream was transmitted from each TX antenna with equal power. Therefore, bits/symbol were constantly transmitted. We employed a spatial filter based on a zero-forcing (ZF) scheme to detect the streams at the RX side [6] . This scheme suppresses interference completely by using the ZF weight matrix given by the following equation (17) An -dimensional ZF output vector is obtained when the RX signal vector is multiplied by as follows:
Ordered successive detection such as BLAST [6] , [7] was not applied. Results obtained by this processing show the performance of the simplest MIMO system without any error correction codes. This simulation also assumed that the RX side has perfect channel state information. Fig. 11 shows the average BER performance of 4 4 MIMO spatial multiplexing. Fig. 11(a) and (b) are graphs for the TX-/RX-and TX-/RX-orientations, respectively. Because of , the bit rate is 8 bits/symbol. The abscissa is normalized total TX power. We confirmed that the LOS condition gave higher correlations than the NLOS one (Fig. 8) . However, Fig. 11 clearly shows that the BER performance for the LOS condition is better than that for the NLOS one. As mentioned in Section IV-D, the higher received power level given by the LOS component improves the BER performance.
Channel capacities shown in Fig. 10 indicate that all the CDFs under the LOS condition are better than those under the NLOS one regardless of the array orientation. In contrast, not all of the BERs under the LOS condition show better performance than those under the NLOS one because the cases of seriously deteriorate in both conditions. As stated in Section IV-C, the gain decrease of the inner two antenna elements #2 and #3 is especially noticeable in the patterns of the case shown in Fig. 7(a) . When we used this antenna array as the TX, more bit errors occurred on the streams from TX antennas #2 and #3. Average BER was strongly affected by such deteriorated streams.
The channel distributions shown in Fig. 9 indicate that the NLOS condition generally gives the linear parts of CDFs an increase of one order of magnitude with an amplitude increment of 10 dB, and also that the LOS case has steeper curves owing to the direct wave. However, all the BER curves including those for the LOS condition show almost Rayleigh fading with first-order diversity in the high power region. That is, the BER is reduced by an order of magnitude when the TX power increases by 10 dB. This behavior will be explained in the next subsection by using the minimum eigenvalue distributions. Although significant degradation occurs in the case of for both array orientations, under the LOS condition the antenna spacing and array orientation affect performance more than in the NLOS case. This is almost the same as the CDFs of capacities stated in Section IV-D.
F. CDFs of Eigenvalues
An hermitian matrix has nonnegative eigenvalues. We represent them in descending order . The number of positive eigenvalues equals the number of orthogonal channels between the TX and RX ends, and the eigenvalue is in proportion to the SNR of the channel. In other words, we can increase the transmission speed if the number of large eigenvalues increases. From (15) , it is evident that a channel capacity is determined by the eigenvalues of the matrix . In particular, it is easy to imagine that the maximum eigenvalue has the largest influence on the MIMO capacity. On the other hand, the ZF algorithm gives a tendency that the SNR at the RX end decreases as the minimum eigenvalue decreases. This degrades the BER performance. Accordingly, we examined CDFs of eigenvalues of in each MIMO configuration.
The CDFs of the eigenvalues are shown in Fig. 12 . As well as Figs. 10 and 11, Fig. 11(a) and (b) are for the TX-/RX-and TX-/RX-array orientations, respectively. Although a 4 4 MIMO channel has four nonnegative eigenvalues, we show the CDFs of the maximum eigenvalues and minimum eigenvalues only. Compared with the CDFs of channel capacities shown in Fig. 10 , we see that the order of CDFs of does not necessarily correspond to that of the capacity distributions. This disagreement seems to be due to the effect of and , which are not shown in Fig. 10 (see [26, Figs. 8, 9] ). However, comparing the CDFs of the minimum eigenvalues and average BERs shown in Fig. 11 , we see that the orders are the same. Moreover, in the linear parts of the CDFs of , almost all of the values increase by about an order of magnitude with the increment of 10 dB. The BER performance and its gradient, in short, seem to be dominated by the CDF of the minimum eigenvalue when only the ZF spatial filter is employed. We confirmed that channel capacity and BER are seriously degraded in the case of . The CDFs of the eigenvalues for tend to be in lower regions compared with the other cases. In particular, the minimum eigenvalues stay in the lower regions independently of the environmental conditions. This phenomenon causes the degradation of the MIMO performance.
As aforementioned, for the TX-/RX-orientation, the antennas have high gain in the LOS direction (90 direction in Fig. 7 ) especially in the cases of and . The CDFs of the maximum eigenvalues in these cases prove to have large values. Thus we can say that they are significantly affected by the direct wave.
V. CONCLUSION
We have evaluated channel capacities and average bit error rates of 4 4 MIMO spatial multiplexing by using measured MIMO channel data in an indoor multipath environment for the 5.2-GHz frequency band. The LOS and NLOS conditions for various MIMO configurations were analyzed in terms of the antenna patterns, fading correlations, CDFs of channel elements, and CDFs of eigenvalues.
It is well known that an LOS environment does not produce independent fading because an LOS component causes high fading correlation. From the measurement results, we confirmed this fact and also found that the LOS condition is not an identically distributed fading environment when each channel element is observed by antennas including mutual coupling effects. However, MIMO spatial multiplexing in the LOS environment provides higher capacities and lower bit error rates than in the NLOS environment under the same TX power condition. Hence, the utility of MIMO spatial multiplexing in an LOS environment has been proved. Meanwhile, the antenna gain in an array with narrow antenna spacing deteriorates because of mutual coupling effects. The decrease in gain will cause performance degradations in MIMO systems with numerous antennas. Under the LOS condition, the performance of MIMO spatial multiplexing strongly depends on the MIMO configuration. This paper has presented the performance of 4 4 MIMO spatial multiplexing in a measurement site. We also conducted 2 2 MIMO measurement campaigns in the same and different indoor environments [26] - [28] . These measurement campaigns yielded almost the same conclusions as the ones presented in this paper. However, our measurement setups in these two environments were not practical but artificial, e.g., a large metal partition for the NLOS conditions and symmetric placement of TX and RX tables. Therefore, to confirm the tendencies shown in this paper, we should carry out more practical measurement campaigns assuming actual wireless systems such as wireless LANs for our future works.
